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HIGHLIGHTS GRAPHICAL ABSTRACT 


e An ink from silver nanoparticles a o 
coated with polyacrylic acid was 
prepared. 

e The ink was used for inkjet-printed 
tracks at varying printing parameters. 

e The conductivity of printed tracks 
sintered at 150 °C increased to 0 
2.1 x 107 S/m. 

e Mechanism for dispersion and ag- 
gregation of the nanoparticles in ink 
is discussed. 
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ARTICLE INFO ABSTRACT 


Silver nanoparticles with a mean diameter of approximately 30 nm were synthesized by reduction of 
silver nitrate with triethanolamine in the presence of polyacrylic acid. Silver nanoparticle-based ink was 
prepared by dispersing silver nanoparticles into a mixture of water and ethylene glycol. The mechanism 
for the dispersion and aggregation of silver nanoparticles in ink is discussed. The strong electrostatic 
repulsions of the carboxylate anions of the adsorbed polyacrylic acid molecules disturbed the aggrega- 
tion of metal particles in solutions with a high pH value (pH > 5). An inkjet printer was used to deposit 
this silver nanoparticle-based ink to form silver patterns on photo paper. The actual printing qualities of 
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A Elèctronicmateriais the silver tracks were then analyzed by variation of printing passes, sintering temperature and time. The 
B. Sintering results showed that sintering temperature and time are associated strongly with the conductivity of the 
C. Electron microscopy inkjet-printed conductive patterns. The conductivity of printed patterns sintered at 150 °C increased to 
D. Electrical properties 2.1 x 10” S m~!, which was approximately one third that of bulk silver. In addition, silver tracks on paper 
substrate also showed better electrical performance after folding. This study demonstrated that the 

resulting ink-jet printed patterns can be used as conductive tracks in flexible electronic devices. 
1. Introduction high-speed pattern, its low cost, and its applicability to various 
substrates [5—8]. Inkjet printing is particularly attractive technol- 
In the last few years, there has been growing interest in inkjet ogy to manufacture devices on flexible substrates [9,10]. In all 
printing for use in various applications [1—4]. The advantages of flexible substrates, paper is by far the cheapest and most widely 
inkjet printing include the ease with which it can be used to form used in daily life, and paper has gained attention because of it is 


recyclable, lightweight, and biodegradable [11,12], leaving a negli- 
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electronic devices require contacts and conductive structures, and 
metals are the primary choices due to their high conductivity [14]. 
Applications include radio frequency identification tags (RFIDs) 
[15,16], sensors [17], electronic circuits [18], RF energy harvesting 
and wireless power transmission devices | 19]. 

To successfully produce metal tracks and patterns on paper 
substrates by inkjet printing, stable metal inks with high quality 
were needed to be produced. Metals inks based on metal nano- 
particles and organometallic precursors are two choices [20,21]. 
Metal nanoparticle-based inks are advantageous for use on paper 
due to the limited penetration of metal particles into this porous 
substrate. The metals that have been developed for use in 
nanoparticle-based inks include gold (Au) [22—24], silver (Ag) [25], 
and copper (Cu) [26—28]. Because bulk silver has the lowest re- 
sistivity (1.6 uQ cm), and because copper nanoparticles oxidize 
spontaneously in air [29] and gold is expensive, silver has been 
most widely used and reported. 

Different capping agents are used to tailor silver nanoparticle 
properties. Short chain carboxylic acids (Cs—C10) [30], poly(vinyl 
pyrrolidone) (PVP) [31,32], and polyacrylic acid (PAA) [33] have 
been used as surface-capping molecules to control the particle size. 
It is important to study the mechanism for the dispersion and ag- 
gregation of silver nanoparticles to improve the stability of silver 
ink. Additionally, it is necessary to sinter printed patterns to remove 
the organic residues and produce highly conductive structures. The 
sintering temperature may affect the properties of flexible sub- 
strates, especially paper. However, silver nanoparticles can exhibit 
good conductivity when sintered at approximately 200 °C—350 °C 
[34,35], which is incompatible with many plastic and paper sub- 
strates used in flexible electronics. In order to shorten sintering 
time and lower sintering temperature, several sintering methods, 
which can be performed even at room temperature, were recently 
developed based on coalescence of metal NPs triggered by chemical 
agents [36], such as NaCl [37] and HCl vapor [38]. 

In this study, we report the preparation of inks containing well- 
dispersed polyelectrolyte-capped silver nanoparticles. Additionally, 
we studied the mechanism for the dispersion and aggregation of 
the silver nanoparticle-based ink. We also investigated the influ- 
ence of printing passes, sintering temperature and time on the 
electrical resistivity and morphology of inkjet-printed patterns. The 
application of stable silver nanoparticle-based ink in conductive 
patterns was also presented. 


2. Experimental section 
2.1. Materials 


All of the chemical reagents used in these experiments were 
purchased from commercial sources with analytical purity and 
used without further purification. Silver nitrate (AgNO3), trietha- 
nolamine (TEA), ethanol, ethylene glycol (EG), and nitric acid 
(HNO3) were purchased from Sinopharm Chemical Reagent Co., Ltd. 
Polyacrylic acid (PAA, MW ~3000) and 2-amino-2-methyl-1- 
propanol (AMP) were purchased from Aladdin Industrial Inc. 
Deionized water was used in all of these experiments. Kodak pre- 
mium photo paper (“photo paper” for short) was used as the paper 
substrate. This photo paper consists of 9 layers and the root-mean- 
square (RMS) roughness of the photo paper is 18 nm [39] (More 
detailed description of the photo paper, see Supporting 
information). 


2.2. Preparation of silver nanoparticles and inks 


In a typical synthesis, 10 g AgNO}; was dissolved in 10 g deion- 
ized water in a beaker with stirring to form a colorless and 


transparent solution. Then, a mixture (pH ~ 9) of 0.25 g PAA, 30 g 
TEA and 20 g deionized water was added dropwise to AgNO3 so- 
lution with continuous magnetic stirring. The reaction mixture was 
stirred for 24 h. Next, the products were precipitated by adding 
ethanol. To remove the unreacted organic and metal salts, the 
mixture was filtered and washed with copious amounts of ethanol. 
Finally, the silver nanoparticles were dried at 60 °C. The solid form 
of silver nanoparticles can be stored and transported conveniently. 

Silver nanoparticle-based ink with a solids loading of 20 wt% 
was prepared by adding a mixture of ethylene glycol and water (3:7 
by weight) to the silver nanoparticles. The viscosity and surface 
tension of this as-prepared silver nanoparticle-based ink were 
5.46 mPa s and 41 mN m“|, respectively. 


2.3. Fabrication and treatment of silver patterns 


Silver patterns were deposited on photo paper by inkjet printing 
technology, which was similar to the technique used in our previ- 
ous work [40]. Inkjet printing was performed with a common color 
printer (Epson Stylus Photo R230), whose print head has 6 rows of 
orifices, with each row feature 90 orifices measuring approximately 
28 um in diameter. Although the printer has six ink containers, we 
use only one the container intended for black ink for our silver ink 
in this study. The silver nanoparticle-based ink was ultrasonically 
for 10 min, filtered through 0.22 um membrane and loaded into the 
cartridges. The ink was printed onto paper, and the bead was air- 
dried for 5 min between printings. The inkjet-printed silver pat- 
terns were sintered at various temperatures between 25 °C and 
150 °C for 10 min in air. 


2.4. Characterization 


Structural characterization of silver nanoparticles was carried 
out using X-ray diffraction (XRD) with a Bruker AXS D8 Advance 
diffractometer with Cu Ka radiation (A = 0.1542 nm). The 
morphology and size of as-synthesized silver nanoparticles were 
characterized by transmission electron microscopy (TEM, Tecnai, 
F20, 200 KV). The texture of silver tracks was measured with Leica 
DM 2500 optical microscopy (OM). Particle sizes were evaluated by 
dynamic light scattering (DLS), and zeta-potential analyses were 
performed using a Zetasizer nano-SZ (Malvern Instruments). The 
surface morphology and thickness of the silver lines were observed 
with a Hitachi S-4800 field emission scanning electron microscope 
(FESEM) using an operating voltage of 8 kV. The electrical resistivity 
of the silver patterns was detected by a 4-point probe system 
(Lucas-Signatone Pro4-4000) and calculated using the geometric 
dimensions of the patterns. 


3. Results and discussion 
3.1. Properties of silver nanoparticles 


Fig. 1 presents the scheme for the synthesis of silver nano- 
particles from silver nitrate. TEA and PAA were used as reducing 
agent and capping agent, respectively. After adding TEA and PAA to 
silver nitrate solution, the mixture undergoes a gradual change 
from colorless to dark black, which coincides with the nucleation 
and growth of silver nanoparticles. When TEA and PAA were added 
gradually to AgNO3 solution, the reduction of Agt proceeded 
slowly, and then the concentration of Ag? approached the critical 
concentration for nucleation. When nucleation occurs, some Ag? 
species convert to nuclei, some Ag* are reduced continuously to 
Ag®, and the nucleation step continues for a relatively long period of 
time. As the silver nanoparticles grow, the mixture gradually be- 
comes dark and turbid because large particles reflect and scatter 
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Fig. 1. Schematic illustration of the preparation of silver nanoparticles. Poly(acrylic 
acid) was used to stabilize the silver nanoparticles. 


more light than small ones. After 24 h, the color of the mixture 
stops changing, which indicates the termination of nanoparticle 
growth. After the reaction is complete, ethanol is added to pre- 
cipitate the products. Ethanol, a poor solvent for PAA-coated 
nanoparticles, can induce rapid particle coagulation. After 
filtering and washing, silver nanoparticles can be dried for ease of 
use and storage. 

The X-ray diffraction pattern of the prepared silver nano- 
particles, presented in Fig. 2a, shows the peaks that are character- 
istic of metallic silver. According to the Silver Joint Committee on 
Powder Diffraction Standards Database (File NO. 04-0783), the 
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reflection peaks are indexed as fcc (111), (200), (220), and (311) 
planes, indicating that silver is well crystallized. This result shows 
that the synthesized silver nanoparticles consist of a pure Ag phase 
without secondary phases such as byproducts or oxide phases. The 
morphology and the size distribution of the silver nanoparticles 
were studied by TEM. Fig. 2b shows a TEM image of a near- 
complete monolayer of silver nanoparticles, where most of the 
particles have a spherical shape and a narrow size distribution with 
an average size of 30 nm. More details are revealed in the HRTEM 
image (Fig. 2c). The bright amorphous layer, approximately 1 nm 
thick, along the edge of the silver nanoparticle is most likely PAA. 
These organic surface layers act as insulating barriers and stabilize 
the nanosized particles. 


3.2. Mechanism for dispersion and aggregation of silver 
nanoparticle ink 


For electrolyte-coated Ag nanoparticles, the pH value signifi- 
cantly impacts the stability of silver nanoparticle-based ink. To 
investigate the relationship between pH and the dis- 
persion—aggregation of PAA-coated nanoparticles, silver nano- 
particles were thoroughly dispersed in DJ-water without 
incorporating any additional dispersants. The pH value of the 
aqueous silver ink was adjusted by adding HNO3 or AMP. 

To estimate the electrical charge at the surface of Ag nano- 
particles, the effect of pH on the zeta potential (¢) of the silver ink 
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Fig. 2. (a) XRD pattern of Ag nanoparticles after drying at 60 °C. (b) TEM and (c) HRTEM images of Ag nanoparticles. The measured average particle size is 30 nm. 
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has been investigated, and the results are shown in Fig. 3a. Fig. 3a 
shows the pH value significantly impacts the stability of silver 
nanoparticle-based ink. With the increase of pH value, zeta po- 
tential |¢| also increase, which is the reason of electrostatic stabi- 
lization mechanism [41]. The surfaces of silver nanoparticles in 
solution were negatively charged when the pH was larger than 5, 
but the electric charge decreased when the pH was less than 5 and 
approached zero at pH = 2. From these observations of the zeta 
potential, a pH-dependent mechanism of dispersion and aggrega- 
tion of silver particles can be proposed as showed shown in Fig. 3b. 
The carboxylic group of polyacrylic acid adsorbs on silver particles 
by forming Ag—OCO™ bonds as a protective agent. At pH values 
above 5, the proton of the terminal carboxylic group electrolytically 
dissociates to form a carboxylate anion, and a negative electrical 
potential forms on the surface of silver nanoparticles. The silver 
nanoparticles with a negative surface charge are highly dispersed 
without aggregation because of the electrostatic repulsion between 
the silver nanoparticles. In this case, the layer of polymeric 
dispersant molecules absorbed on the particles surfaces acted as an 
effective layer for steric stabilization to prevent them from 
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Fig. 3. (a) Zeta-potential of Ag nanoparticles as a function of pH of an aqueous me- 
dium. The solid line represents the non-linear regression and the points denote 
experimental results. (b) The mechanism for the dispersion—aggregation of the Ag 
nanoparticles-based ink. This test was carried out to determine the proper pH value of 
silver nanoparticle-based ink. 


agglomerating. At a pH below 5, the silver surface is electrostati- 
cally neutral, the proton of the weakly acidic carboxylic acid group 
of adsorbed polyacrylic acid cannot be ionized, the driving force for 
dispersion is lost, and the silver nanoparticles undergo aggregation. 
The DLS results show that the silver particles size at pH = 5 is 
approximately 45 nm, and the size increases to 1190 nm at pH = 4 
(Fig. S1, Supporting information). Thus, AMP was added to the final 
silver nanoparticle-based ink to maintain the pH near 9. 


3.3. Preparation of silver patterns on photo paper with different 
parameters 


An inkjet printer was used to form silver tracks with different 
printing passes (N) and setting widths (A). Fig. 4 shows optical 
microscope images of the actual widths of printed lines compared 
with the widths set by Microsoft Word, where the number of 
printing passes was ten. Although the width was set at O pt in 
Microsoft Word, we clearly obtained lines of 282 um with many 
breaks. When the set widths ranged from 0.25 pt (88 um) to 1.5 pt 
(528 um), the actual widths increased from 350 um to 856 um. The 
actual widths observed under the optical microscope were greater 
than the settings. 

The actual widths of printed lines with different printing passes, 
and the set width of 1 pt (352 um) are shown in Fig. S2 (Supporting 
information). When printing only once, the actual width was 
410 um, which was a little wider than the setting value. However, 
when printing 10 times, the actual width was 635 um, which was 
1.8 times the setting value. Thus, in practical applications, we can 
produce the required width by changing the setting widths (A) or 
the number of printing passes (N). This discrepancy between the 
setting value and the actual width can vary with the substrate 
because it depends on the composition and surface properties of 
the substrate. 

We speculate about the conductive mechanism of the printed 
silver patterns. When the silver inks were ejected from the orifice of 
the inkjet printer, a single ink droplet produced an irregular 
spherical dot pattern on the paper substrate. As shown in Fig. 5, the 
single silver dot pattern was approximately 80 um in diameter. The 
silver track cannot be conductive if the track consists of only single 
dots. When printing repeatedly, the distance between dots 
decreased. The droplets between dots had more overlap and 
formed a continuous line. The silver track with relatively smooth 
edge definition became conductive. 

Fig. 6 shows SEM images of track thickness with different 
printing passes: (a) N = 10 and (b) N = 15. The thickness of the 
silver tracks increased with printing passes because more inks was 
applied during printing. When printing 10 times, the approximate 
thickness was 500 nm (Fig. 6a), and the line was more dense. The 
thickness increased to 750 nm when the printing passes was 15. 
The line is somewhat wrinkled because of shrinkage after thermal 
treatment. 


3.4, Electrical and mechanical properties of silver patterns printed 
on photo paper 


The resistivity generally decreased with increasing the heating 
temperature or time, showing a sintering effect for nanosized silver 
colloids in the ink [42,43]. Fig. 7 shows the SEM pictures of surface 
morphology after different temperature treatments for 10 min 
each. The sintering effect with temperature is visible. At 25 °C, each 
silver particle appeared to be unchanged and was observed clearly. 
Yet, after heating at 50 °C for 10 min, the sintering effect became 
obvious, and the size of particles increased significantly. These 
critical changes in morphology with the formation of continuous 
interconnections between particles are seen at temperature as low 
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O Fig. 4. Optical microscope images of actual silver tracks width in comparison with defined line widths for printed ten times: (a) 0 pt, (b) 0.25 pt, (c) 0.5 pt, (d) 1 pt, and (e) 1.5 pt. The 
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orifice diameter of the nozzle used here was 28 um. 


as 80 °C. Most boundaries between particles disappeared due to 
sintering and the formation of continuous interconnections, and 
thus the electrical resistivity decreased to low values. When the 
sintering temperature reaches 150 °C, most of the nanoparticles 
have fused together to form a network throughout the entire silver 


film. Some voids and cracks formed on the surface of the track after 
sintering at 150 °C. This behavior is attributed primarily to the re- 
sidual thermal stresses that build up in the lines upon cooling due 
to the different thermal expansion coefficients for silver lines and 
the paper coating. 


Fig. 5. Optical microscope images of printed Ag tracks with different magnifications. The magnified images for parts of Ag tracks are shown in (b) and (c). 
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Fig. 6. SEM images of track thickness for different printing passes: (a) N = 10 and (b) N = 15. The track thickness increase with printing passes. 


Fig. 7. SEM images of the surface morphology after different temperature treatments: (a) 25 °C, (b) 50 °C, (c) 80 °C, and (d) 150 °C. The sintering effect with temperature can be seen 


from the surface morphology change. 


In Fig. 8, the measured resistivity of the silver films on paper is 
shown as a function of the sintering temperature. After sintering at 
room temperature (25 °C), the resistivity of the silver films was 
12.6 uQ cm. This self-sintering phenomenon of the Ag nano- 
particles was due to the polymer coating on the paper substrate. 
Upon sintering at 150 °C, the resistivity of the printed silver pat- 
terns decreased to 4.7 uQ cm, which is close to triple that of bulk 
silver. To avoid degradation of the paper substrate, lower temper- 
ature or shorter sintering time should be used, resulting in a rela- 
tively larger resistivity, such as the resistivity of the silver patterns 
sintering at 60 °C for 10 min, which was 9 uQ cm. Moreover, the 
silver films attached to the paper substrate fairly well. A simple tape 
test was performed to examine the adhesion of silver films The 
silver films stayed on the paper surfaces completely after removal 
of the attached tape (Scotch tape, 3 M), indicating good adhesion 
between the printed silver films and paper substrate. SEM images 
of Ag films before and after tape test were shown in Fig. S3 (Sup- 
porting information). 

To illustrate the mechanical flexibility of inkjet-printed silver 
tracks on paper, a folding test was performed by folding the test 
specimens to +180°. The test specimen was folded to —180° 
(or + 180°) and released back to 0°. The electrical resistance of silver 
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Fig. 8. Resistivity of Ag patterns printed on paper substrate as a function of the sin- 


tering temperature. The points denote experimental results and the solid line repre- 
sents the connection between the points. 
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Fig. 9. Variations in the electrical resistance of Ag tracks on paper as a function of 

Y= +180° folding cycles. The measured electrical resistance at the designated fold cycle 

> and the initial resistance in the as-printed state are R and Ro, respectively. The test 
co specimen was folded to —180° (or +180°) and released back to 0°. 


TT 

LO 
© tracks was measured every 10 cycles. As shown in Fig. 9, the elec- 
© trical resistance of the printed Ag tracks increased gradually with 
= repeated folding of the test specimens. These resistances vary less 
LO than twice the resistance of the original printed silver tracks, even 
© after folding 50 cycles, which indicates that the well-encapsulated 
printed silver tracks on paper can satisfy the requirements of 
YS flexible circuits. For example, these as-printed narrow silver tracks 
can be used in flexible electronic applications such as radio fre- 
EN quency identification (RFID) tags or electrodes for thin-film tran- 
= © sistor (TFT) circuits. To demonstrate the applicability of the silver 
2 nanoparticles-based ink for inkjet printing electronics, LED con- 
nected circuits were printed on paper and the fabricated LED de- 
© vices showed good flexibility, as shown in Fig. S4 (Supporting 

information). 
c 


tæ 4. Conclusions 


In summary, by using triethanolamine as the reducing agent 
and polyacrylic acid as the protective agent, silver nanoparticles 
can be synthesized from an aqueous solution of AgNO3. The 
mechanism for the dispersion and aggregation of the silver 
nanoparticle-based ink is discussed. The polyacrylic acid adsorbed 
on the surfaces of nano-sized silver particles prevented the ag- 
gregation of silver nanoparticles and controlled their particle size. 
Using this silver nanoparticle-based ink, silver patterns could be 
deposited on photo paper by inkjet printing. The resistivity of 
these printed patterns sintered at 150 °C was close to triple the 
resistivity of the bulk silver. Additionally, these silver tracks on 
paper showed better electrical performance after folding, and 
they can serve as conducting tracks in flexible electronic devices. 
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